In the paper results of studies of MnFe2O4/MCM-41 nanocomposites have been presented. The inuence of manganese ferrite loading on changes of porous properties of mesoporous MCM-41 structure was studied by means of N2 sorption/desorption method and positron annihilation lifetime spectroscopy. Disappearance of the longest-lived ortho-positronium component (τ5) of pure MCM-41 mesoporous material in the positron annihilation lifetime spectra of MnFe2O4/MCM-41 measured in vacuum is a result of either o-Ps quenching or the Ps inhibition mechanism. Filling of pores in the studied nanocomposites by air at ambient pressure causes partial reappearance of the (τ5) component except for the sample with maximum ferrite content. Both the (τ5) component lifetime and intensity are suppressed together with increasing MnFe2O4 content by chemical quenching and inhibition of Ps formation occur. Observed anti-quenching eect of air is a result of two processes: neutralization of some surface active centres acting as inhibitors and considerably weaker paramagnetic quenching by O2 molecules.
Introduction
A nanocomposite is a multiphase solid material where one of the phases has one, two or three dimensions of less than 100 nanometers (nm), or structures having nano--scale repeat distances between the dierent phases that make up the material [1] . Regarding synthesis route and an aim of production, a nanocomposite may be treated as a matrix to which nanoparticles have been added to improve or change a particular property of the material. Nanocomposites are attractive researching subject both from practical and theoretical point of view because of combination of special properties [2] .
Magnetic manganese ferrite nanocomposites and similar to them can be used potentially as ecient adsorbents, catalysts [3] or baseline modied silica support for putting of specic chemical functional groups. Highly ordered mesoporous MCM-41 silica used as a support is characterized by uniform pore diameter distribution, large total pore volume and large specic surface area [4] . Free-volume structure in them is represented by primary pores along with specic vacancy-type defects within individual crystalline grains and intergranular boundaries. In any medium, the intrinsic lifetime of ortho--positronium (o-Ps) is reduced from 142 ns in vacuum by the process called pick-o annihilation. The o-Ps lifetime is dependent on the size of the pore in which the o-Ps atom is trapped. This gives a possibility to use o-Ps as a porosimetric probe to evaluate the average sizes in the approximate range from a few tenths of a nanometer to 100 nm. The porous structure of materials was analysed by the N 2 adsorption/desorption isotherms obtained volumetrically at 77 K. The adsorption data were used to evaluate the BrunauerEmmettTeller (BET) specic surface area, S BET . The mesoporous structure was characterized by the distribution function of mesopore volume calculated by applying the BarrettJoynerHalenda (BJH) method [6] . (793) In PALS measurements the 22 Na positron source sealed in a kapton envelope was used. It was immersed between two about 2 mm thick layers of the powder sample, pressed together by a screwed cap inside a small copper container. This assembly was put in a vacuum chamber allowing to obtain pressure of the order of 5 × 10 −4 Pa. Positron lifetime spectra were recorded at room temperature using a standard fast-slow coincidence spectrometer. In order to minimize eects of summing in the coincidence spectra so-called triangular geometry [7] was used. In this geometry the samples were shifted outside of a longitudinal axis of symmetry of two counter detecting system. At such a setting the resolution time was 0.27 ns (measured for 60 Co source with 22 Na windows set). The time base of the PALS setup was 1 µs. The total counts were not less than 10 8 for each spectrum measured in vacuum or in air. The positron lifetime spectra were analyzed using the LT program [8] .
Results and discussion
The porous structure and surface properties of the MCM-41 matrix change signicantly after incorporation of MnFe 2 O 4 into this support. Manganese ferrite takes the form of nanoparticles and output material forms nanocomposite. Surface areas (S BET ) of nanocomposite samples with dierent ferrite content changing from about 565 m 2 /g to 238 m 2 /g, respectively (see inset in Fig. 1 ). These values are from twice to four times smaller than that for pure MCM-41 equals about 1100 m 2 /g. The shape of the N 2 adsorption/desorption isotherms (type IV isotherm according to IUPAC classication [9] ) shown in Fig. 2 for the samples (A), (B) and (C) (see Table) indicated the formation of regular mesopores with mean pore diameter (w d ) of about 2.9 nm. A small and at hysteresis loop can be observed in the range of relative pressures ranging from 0.4 to 0.9 of relative pressure p/p 0 for the rst three samples. This eect can indicate the presence of the same irregularities in the structure of silica mesoporous material, connected with slow development of bottle-ink type pores. The hysteresis loop for the MnFe 2 O 4 /MCM-41(D) (see Table) became big and steep which suggests an appearance of more open free volumes. An increase of manganese ferrite loading induces distortion of the well-ordered MCM-41 structure and decrease of the total surface area of the samples. The typical for MCM-41 step on the isotherms at p/p 0 value of about 0.3 becomes less pronounced, and nally disappears for the (D) sample with the highest ferrite content. Such eects are most probably connected with formation of more and more bigger nanocrystallites and transformation of primary open pores into closed pores. In Fig. 1 pore sizes distributions (PSDs) calculated from the desorption isotherms by the BJH method are shown. In the table given in this gure average pore diameter values are given. In the PSD obtained for the sample (D) a relatively signicant part stretching out up to a radius of the order of 50 nm appears. This part is related to pores signicantly bigger than primary ones (R p ≈ 1.5 nm). Total BJH specic pore volumes after initial drop insignicantly increase for the last three samples (see Fig. 1 ).
In Fig. 3 ve dierent PAL spectra for investigated samples measured in vacuum (bottom part) and in air at ambient pressure (top part) are presented. The intensities of the longest-lived component (τ 5 ) measured in air systematically decrease along with an increase of manganese ferrite content in the samples. Simultaneously rapid disappearance of this component can be observed in the measurements in vacuum (see Fig. 3 ). In tting procedure it was assumed that they consist of ve discrete exponential components. The rst two are very short-lived, the former belonging in principle to the intrinsic decay of para -positronium (p-Ps, τ 1 ≈ 0.13 ns) and the latter which is related to the free positrons annihilation (e + , τ 2 ≈ 0.45 ns). The (τ 2 ) component ori- Fig. 1 . Pore sizes distributions determined from N2 adsorption/desorption isotherms of the investigated samples by BJH method. APD average pore diameter obtained from adsorption.
Fig. 2. Nitrogen adsorption/desorption isotherms for
MnFe2O4/MCM-41 nanocomposites. For the sample labels explanation and Fe content see Table. gins on the one hand from annihilation of free positrons trapped in vacancy clusters formed in ferrite nanoparticles or on their surfaces [10] , on the other hand from positron annihilation in small structural open volumes in amorphous silica walls. As one can see these observed lifetimes are only mean values for several undistinguishable components comparable to the time resolution of the measuring system. The component's (τ 2 ) lifetime value remains almost constant but its intensity changes from about 40% in pure MCM-41 to about 90% in the sample (D) very similar for both series of measurements in vacuum and in air. It is simply related to the increasing number of manganese ferrite nanoparticles deposited mainly on surfaces of MCM-41 walls. In contrary to the PALS results in nanocrystalline ferrites prepared by other method [11] , in FeMn 2 O 4 / MCM-41 nanocomposite a bulk lifetime component of about 0.2 ns is not observed. In the papers [12] and [13] the results of investigations of similar NiFe 2 O 4 (SiO 2 ) nanocomposites produced on the basis of amorphous silica by solgel method were reported. From PALS spectra analysis lifetime relating to positron free annihilation in the non-defective nanocrystalline grain volumes were derived. This lifetime is equal to about 0.14 ns. In the MnFe 2 O 4 /MCM-41 nanocomposites a component of lifetime in the same range was not found. It seems that in the ferrite nanocomposite samples obtained by the wetness impregnation route are defective in almost whole volume. Moreover, even MnFe 2 O 4 nanoparticles located out of primary MCM-41 nanochannels do not aggregate into larger nanocrystallites.
In the investigated samples three long-lived o-Ps components were also observed in the positron lifetime spectra. Detailed values of lifetimes and intensities are given in Table. From the data obtained on intensities of o-Ps components it seems that I 2 increases mainly at the expense of the sum of intensities of all o-Ps components for the measurements performed in air and almost to the same extent at the expense of that sum and the rst component intensity in the case of measurements in vacuum.
The shortest-lived o-Ps component (τ 3 ) is dicult to unique interpretation. It probably arises owing to the pick-o annihilation of o-Ps formed in the some kind of small open-type voids on surfaces of amorphous MCM-41 silica walls which are larger than those in which positrons annihilate from free state. Components with lifetimes in the order of (1÷2) ns were observed in thin lms of amorphous silica [14] and they were interpreted as belonging to o-Ps conned in voids of above mentioned type. The medium-lived one (τ 4 ) results from decay of o-Ps inside of silica nanochannels and the longest-lived among them (τ 5 ) is related to the pick-o annihilation of o-Ps trapped in free volume in intergranular spaces of the material [15] . The o-Ps lifetimes and their intensities changes with increasing manganese ferrite content for the samples in air under ambient pressure are presented in Fig. 4 . The lifetime τ 3 remains principally constant and τ 4 slightly decreases. According to our interpretation of these components origin these characters of dependences indicate that only inner spaces (pores) volumes somewhat lessen due to lling with ferrite In contrast to Fe-modied MCM-41 silica [16] , in which Fe is incorporated into silica walls in the stage of MCM-41 making, also the (τ 5 ) lifetime for the manganese ferrite nanocomposite considerably decreases. As to intensities of the rst two components, I 4 slightly decreases and I 3 exhibits maximum for the sample (B) both in vacuum and in air. The intensity of the last component rapidly falls in relation to that of pure MCM-41. It results from the lifetime and intensity changes observed for the fth component that the both inhibition and quenching phenomena occur. Lifetime τ 5 observed in MnFe 2 O 4 /MCM-41(A) composite measured in air is about 10% smaller than the value observed for pure MCM-41 in air (Table) while analogous dierence for measurement in vacuum for the same couple of samples is much larger. Dierences in values of τ 5 for the last three samples measured in air related to the pure MCM-41 monotonically increases. In the case of measurements in vacuum the τ 5 values after a rapid drop remain almost constant for the samples (B), (C) and (D).
The dierence between PALS spectra measured in vacuum and in air emerging as considerable larger intensity of the longest-lived component in the latter medium can be explained as follows. It is known that the adsorption of small amounts of the molecules on the pore surface increases the o-Ps lifetime, due to the blocking of active sites on the pore surface causing partial quenching of o-Ps [17] . In the case of the investigated samples probably a coating of MnFe 2 O 4 deposits by monolayer of predominantly N 2 molecules from air takes place. The N 2 monolayer gives lm thick enough to isolate semi-metallic manganese ferrite with much lower electron density layer. This kind of passivation of the manganese ferrite outweighs an eect of o-Ps quenching by an o-Ps to p-Ps conversion in interaction with paramagnetic air oxygen molecules.
At rst glance it seems that there exist some discrepancies between pictures of porosity structure of the investigated samples obtained from N 2 adsorption/desorption measurements and by means of PALS method. The most important one is related to the primary pore sizes. These obtained from BJH method remain practically unchanged for the rst three samples whereas monotonically decreasing τ 4 values suggest their decrease. The reason of that is probably caused by chemical quenching on which the N 2 adsorption/desorption method is not sensitive. Moreover, in the PALS spectra for the sample (D) none additional positron lifetime component with a lifetime value close to τ 4 was not revealed while in PSD distribution for the same sample a broad peak with maximum at 1.92 nm is present. 
